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ABSTRACT
An analysis of the cytoplasmic incompatibility 
system in Culex pipiens has been made. Both normal and 
antibiotic-resistant strains have been established using 
erythromycin, chloramphenicol and tetracycline. A com­
plete genetic analysis has been made using all possible 
reciprocal crosses. Crosses between the normal strains 
show unidirectional compatibility. The genetic crosses 
involving the tetracycline-resistant strain show a rever­
sal of the direction of compatibility when compared with 
those involving the untreated parental strain. Erythro­
mycin and chloramphenicol-resistant strains exhibited no 
such change in direction of compatibility when compared 
with their respective untreated parental strains. Ex­
ceptional crossing relationships between chloramphenicol 
and tetracycline-resistant strains were found. The 
presence of presumptive rickettsia-like endosymbiotes 
was observed both before and after rigorous treatments of 
normal laboratory strains with the above antibiotics. 
Agarose gel electrophoresis of mitochondrial DNA follow­
ing digestion with restriction endonucleases Hae III and 
Hinf I demonstrated a clear heterogeneity of base 
sequences between unilaterally incompatible strains. No 
differences in base sequences of the mtDNAs were detected
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between the chloramphenicol-resistant strain from its 
normal parental strain following digestion with seven 
different endonuclease systems. Evidence obtained from 
electron microscopy of mosquito ovarian tissue in this 
investigation does not confirm the hypothesis that 
rickettsia-like endosymbiotes are the etiological agent 
of cytoplasmic incompatibility in Culex pipiens. Dif­
ferences in nucleotide sequences of mtDNAs between 
cytoplasmically incompatible strains of Culex pipiens 
were found to be consistent with results obtained in 
many other cytoplasmic systems. Further evaluation of 
the involvement of mtDNA in cytoplasmic incompatibility 
of Culex pipiens is appropriate.
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INTRODUCTION
Culex pipiens has been widely used for investiga­
tions of cytoplasmic incompatibility (sterility). It has 
been found in the laboratory that populations from geo­
graphically separated areas when reciprocally crossed may 
exhibit this sterility in one crossing direction (unidi­
rectional incompatibility), in both crossing directions 
(bidirectional incompatibility) or in neither crossing 
direction. Occassionallyt a cross which is normally ex­
pected to be sterile will produce a few viable progeny.
Such a cross is designated partial cytoplasmic compati­
bility (Subbarao, et al. , 1977). Crosses which produce a 
large proportion of viable progeny are cytoplasmically 
compatible crosses. The partial compatibility represents 
an intermediate, or a heterogeneity, of cytoplasmic factors 
while the cytoplasmically incompatible crosses and the 
cytoplasmically compatible crosses both represent a more 
homogeneous population of these cytoplasmic factors.
Laven (1967) accounted for cytoplasmic incompati­
bility as failure of syngamy of male and female pronuclei. 
McClelland (1967) attributed unidirectional compatibility 
between reciprocal crosses as being determined by cytoplas­
mic conditioning alleles. In this hypothesis unidirection­
al cytoplasmic compatibility occurred because the
compatible allele in the spermatozoan was lost be a prefer­
ential (nonrandom) segregation of this allele during 
spermatogenesis (meiotic drive). This phenomenon would 
follow a paternal inheritance pattern.
In Culex pipiens a rickettsia-like endosymbiote, 
Wolbachia pipientis, has been described by Yen and Barr 
(1973) as the etiological agent of cytoplasmic incompati­
bility. Their hypothesis was based on observations of 
reciprocal genetic crosses in which tetracycline-treated 
females lost the rickettsia-like endosymbiote (aposymbi- 
otic) and exhibited a reversal of the direction of compati­
bility when compared with those of the untreated females 
having the rickettsia-like endosymbiote.
In a recent paper (French, 1978), alternative 
cytoplasmic factors causing teratology and sterility have 
been shown to exist within the cytoplasm of a single fe­
male from a population of Culex pipiens. He observed an 
increase in teratology corresponding to an increase in the 
heterozygosity of the cytoplasm and a decrease in tera­
tology among cytoplasmically incompatible or compatible 
crosses.
The interaction of heterogeneous cytoplasmic 
factors has been extensively studied in Paramecium 
(Adouette and Beisson, 1972; Beale and Knowles, 1976;
Sainsard-Chanet, 1976; Sainsard-Chanet and Knowles, 1979). 
Intra- and interspecies incompatibility between conjugating
paramecia has been attributed to a heterozygosity of mito­
chondria within the cytoplasms of the resulting exconju­
gates (Cummings et al., 1981; Beisson et al., 1974;
Sainsard et al., 1974). Mitochondrial antibiotic markers 
and nuclear antibiotic markers have shown that compati­
bility in Paramecium, however, is not determined solely 
by cytoplasmic factors but by both the nuclear and mito­
chondrial genomes. It has been found that incompatibility 
between the nuclear and mitochondrial genomes is usually 
overcome with time due to alterations of the mitochondrial 
genomes (Sainsard-Chanet and Knowles, 1979).
In addition to using antibiotics as selective 
agents for nuclear and mitochondrial marker genes in 
Paramecium and fungi (Sainsard-Chanet et al., 1974; Belcour 
and Begel, 1980; Beale and Knowles, 1976), antibiotics have 
also been used to alter cytoplasmic mating types in 
Paramecium (Adouette and Beisson, 1972). Exposure of 
paramecia to chloramphenicol and erythromycin has shown 
selection for specific mitochondria in known heteromito- 
chondriotes (Sainsard-Chanet, 1976). In yeast and mouse 
cells chloramphenicol-resistant mitochondria are now known 
to have a single base difference in the 21S rKNA gene from 
that of the chloramphenicol-sensitive mitochondria (Duhon, 
1980; Blanc et al., 1981).
Mitochondria are ubiquitous in eukaryotes and 
there are numerous reports involving mitochondrial mating 
types. The hypothesis that cytoplasmic incompatibility
may be due, in part, to mitochondrial factors in Culex 
pipiens justifies analysis. An investigation of the 
mtDNAs from cytoplasmically incompatible strains is indi­
cated. One of the objectives of this research is to deter­
mine if base sequence differences exist between mtDNAs 
from cytoplasmically incompatible strains of Culex pipiens 
by restriction endonuclease cleavage analysis. Further 
objectives involve analyses by formal genetic crosses 
between these strains and examination of these strains by 
transmission electron microscopy.
MATERIALS AND METHODS
Mosquito Strains: Six strains of Culex pipiens were used
in this study. The three parental, untreated strains were 
chosen for their unidirectional, cytoplasmic incompati­
bility with one another. Two strains, #3 and #9, were 
obtained from A. Ralph Barr (School of Public Health, U. 
of California, Los Angeles, CA 90024). Strain + (wildtype) 
was obtained from a local Baton Rouge, LA population by 
W. L, French. The other 3 strains were established from 
the above parental strains #9 and + by treatments with the 
antibiotics tetracycline and chloramphenicol (strain 9) 
and erythromycin (strain +).
Mosquito Culture Techniques: All strains were reared under
identical environmental conditions and food sources— except 
for the administration of antibiotics to the selected 
strains. Egg rafts were collected daily and were hatched 
and reared in approximately 5 cm of dechlorinated tap 
water at 28°C in 22cm x 28cm plastic dish pans covered 
with a loose piece of Saran Wrap.® Larvae were fed a
(r)mixture of Total^ cereal (General Mills, Inc., Minneapolis, 
Minnesota 55440) and wheatgerm (50:50 w/w) finely ground 
in a Waring blender. Adults were placed in cages and fed 
on cotton pads soaked in undiluted honey. All larvae and
adults were reared at 28°C, 80% relative humidity with an 
8h dark--16h light photoperiod.
The tetracycline-resistant strain was established 
by allowing strain #9 larvae to hatch in dechlorinated tap 
water containing 0.25mg/ml of tetracycline. Because of 
photodegradation this water containing tetracycline was 
changed every 48h. The adults surviving this initial 
treatment were mated and the resulting progeny again 
selected for with tetracycline. This selection continued 
for a total of 9 generations. This tetracycle-selected 
strain is denoted in this paper as strain "T".
The chloramphenicol-resistant strain was establish 
ed in a like manner utilizing chloramphenicol at 0.25mg/ml 
for selection of strain 9 for a total of 2 generations.
Due to the relative stability of chloramphenicol, the 
larval medium was changed every 6-7d. This strain is de­
noted by the symbol "C".
The erythromycin-resistant strain was also estab­
lished in a like manner from strain + utilizing erythro­
mycin at 0.25mg/ml for a total of 7 generations. Because 
of photodegradation, this water containing erythromycin 
was changed every 48h. This erythromycin-selected strain 
is denoted with symbol "E" in this paper.
Japanese quail (Coturnix cotumix) were physically 
immobilized and placed inside each cage as a blood source. 
All reciprocal crosses between treated and untreated 
strains were made using virgin females and males each less
than 5 days old (Krishnamurthy et al., 1977). Individual 
egg rafts collected from matings of young adults were 
scored for the number hatched, number normal in appearance 
but unhatched, number showing teratological development 
and number unembryonated.
Genetic crossing data were analyzed for incompati­
bility between the six strains. Further genetic crosses 
were repeated using the above procedure 22 months later 
without further antibiotic exposure. These replicated 
data were utilized to determine the stability of various 
cytoplasmic mating types.
Electron Microscopy of Ovarian Tissue: Preparation of
ovarian tissue followed a modified procedure of Karnovsky 
(1965) and Beckett et al., (1978). Ovarian tissue from 
each strain was excised and fixed in 2.5% glutaraldehyde 
in 0.1M sodium cacodylate buffer (pH 7.1) for lh followed 
by 3 ten-minute washings in buffer only. The tissue was 
post-fixed for 2h in 2% OsO^ in 0.1M sodium cacodylate 
(pH 7.1) followed by 3 ten-minute washings in deionized, 
distilled water. Tissue dehydration was accomplished 
using an acetone series and then embedded in Spurr's resin. 
Silver sections were made with a diamond knife-equipped 
Sorvall MT-2B ultra-microtome. Sections were post-stained 
for 10 min in uranyl acetate-saturated 50% ethanol and 5 
min in Reynold's lead citrate. Tissues were examined on 
a Hitachi HU11A at 74 kv and a J.E.M. 100CX at 80 kv.
Purification of Larval Mitochondrial DNA: Mitochondria
were isolated from 3rd and 4th instar larvae by a modifica­
tion of the method of Weinbach (1961). Mitochondrial DNA 
was purified by KI buoyant density gradient ultracentrifu­
gation according to a modification of the method of 
Rubenstein et al., (1977). Ten to twenty grams of washed 
larvae were suspended in 0.25M sucrose + 0.02M tris-HCl 
(pH 7.5) at 2°C (lg larvae:10ml buffer) and homogenized 
in a Potter-Elvehjem tissue grinder equipped with a motor- 
driven Teflon pestle. The homogenate was centrifuged at 
450 x g in a Sorvall SS-34 rotor at 2°C for 15 minutes.
The pellet was discarded and the supernatant centrifuged 
at 12000 x g for 25 min at 2°C. The supernatant was dis­
carded and the mitochondrial-enriched pellet lysed in 
0.1M NaCl + 0.05M tris-HCl (pH 8.5) + 0.01M EDTA + 1% SDS 
(lOg larvae :7ml buffer) using a hand-operated Potter- 
Elvenhjem tissue grinder with a Teflon pestle. KI was 
added to the lysate to a R.I. of 1.420 (0.812g KI per ml 
lysate). Ethidium bromide was then added to a final con­
centration of 50pg/ml. The lysate was centrifuged for 
40-48h at 45k (145000 x g) at 20°C in a Beckman type 50 
rotor. The mitochondrial DNA band was visualized under 
long-wave (320nm) ultraviolet light and removed by side 
puncture of the tube with a sterile syringe equipped with 
a 22 guage needle. The mitochondrial DNA solution was 
extracted three times with equal volumes of buffer- 
saturated n-butanol at room temperature to remove the
ethidium bromide and then extensively dialyzed in T.E. 
buffer (0.01M tris-HCl, pH 7.5 + 0.001M EDTA) at 5°C. 
Following dialysis the mtDNA solution was twice extracted 
with an equal volume of T.E.-saturated, redistilled phenol. 
All traces of phenol were removed from the mtDNA solution 
by repeated ether extractions followed by nitrogen evapo­
ration of any remaining ether. The mtDNA solution was 
made 500mM,NH^ acetate + lOmM mg acetate + ImM EDTA 
(Maxam and Gilbert, 1980). Two volumes of cold (0°C)
100% ethanol were thoroughly mixed with the DNA solution 
and the suspension stored at -20°C overnight. The mitochon­
drial DNA was pelleted by centrifugation at 12100 x g for 
lh in a Sorvall SS-34 rotor at 2°C.
Restriction Endonuclease Cleavage of Mitochondrial DNA:
The purified mtDNAs of strains 9, + and C were digested 
using restriction endonucleases Alu 1, Ava 1, Bam Hi.
Bst Ell, Eco Rl, Hae 111, Hind 111, Hinf 1, Mnl 1, Sal 1 
and Taq 1. Standard marker DNA was a lambda DNA Hind 111 
digest obtained from Bethesda Research Laboratories. All 
restriction endonuclease digests followed recommended pro­
cedures (Bethesda Research Laboratories, Inc., Rockville, 
Maryland).
Agarose Gel Electrophoresis: Horizontal agarose gel
electophoresis of mitochondrial DNAs following restriction 
enzyme digestion of strains 9, +, and C was carried out in 
a 1% agarose gel (med. E.E.O.) at 120v for 20h following
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a modification of Aaij and Borst (1972) and Avise et al., 
(1979). The electrophoresis buffer was 0.04M tris-HCl + 
0.005M NaOAc (pH 7.6) + 0.001M EDTA containing 0.5 pg/ml 
ethidium bromide. The mtDNA bands were visualized using 
an ultraviolet transilluminator at 302 nm (Ultraviolet 
Products) or with a 254nm incident ultraviolet light 
source.
Photography of Ultracentrifuge Tubes and Electrophoretic 
Gels: Agarose gels were photographed with a Polaroid
Mp-4® system using Polaroid type 55 film (f/4.5; s/s % 
sec.) or type 57 film (f/4.5; s/s 20 sec.). Additional 
photographic documentation was made with using Kodak
no. 15 deep yellow barrier filter was used for all 
photographs.
(9,
both gels and centrifuge tubes. A Wratten^
RESULTS
Reciprocal Crosses Among Mosquito Strains: The results of
scoring of individual egg masses from all possible crosses 
are presented in Tables I and II. Table I contains data 
obtained from initial reciprocal crosses while Table II 
contains data obtained from repeated reciprocal crosses 22 
months later. Consistent with the findings of French 
(1978) those crosses initially exhibiting partial compati­
bility in general tended over the 22 months to become more 
incompatible. The erythromycin-resistant strain (E) ap­
peared to cause no change in cytoplasmic crossing types 
from the normal wild-type (+) strain from which it was de­
rived. The tetracycline-resistant strain (T) caused a re­
versal in the direction of compatibility compared to the 
untreated strain 9. This is consistent with those data 
obtained by Yen and Barr (1973) for tetracycline treated 
strains. The chloramphenicol-resistant strain (C) showed 
no change in compatibility from strain 9 except with 
reciprocal crosses with strain T. In the latter crosses 
only partial compatibility of C d d with T<j>$> was obtained. 
Crosses between strains 9, +, and 3 exhibited character­
istic nonreciprocal crosses of cytoplasmic inheritance 
(Table III).
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TABLE I. RESULTS OF RECIPROCAL CROSSES BETWEEN ANTI­
BIOTIC-RESISTANT AND UNTREATED STRAINS 
The data in Table I were obtained from initial 
crosses made during December 1979. Larvae 
scored for teratogenic development exhibited 
malformations ranging from grossly misshapen 
eye spots to subtle incongruencies in the 
tergites and stemites. The "% Hatch" data 
were calculated from the "No. Hatched Eggs" 
divided by "Total Eggs." Those crosses desig­
nated "I" (incompatible) showed no larvae 
hatching. Those crosses designated "P" 
(partial compatibility) exhibited a high pro­
portion of teratological embryonation and at 
least one larva hatching. Compatible crosses 
("C") had a high percentage of hatched eggs 
compared to the total number of eggs laid.
TABLE I
6 x 5
Cross
No.
Hatched 
Rafts Eggs
No.
Norm. 
Embryon.
No.
Tera-
tolog.
No.
Non- 
Embryon.
Tot.
Eggs
Comp at. 
Incompat. 
% Hatch Partial
9 x 9 18 1503 50 38 156 1747 86.0 C
9 x 3 22 43 1 821 1447 2312 1.8 P
9 x + 10 0 0 560 497 1057 0.0 I
3 x 3 23 2189 76 26 109 2400 91.2 C
3 x 9 20 1750 1 10 138 1899 92.2 C
3 x + 11 5 0 824 403 1232 0.4 P
+ x + 29 4798 88 22 166 5074 94.6 C
+ x 9 13 764 9 17 423 1213 63.0 C
+ x 3 13 993 40 10 81 1124 88.3 C
9 x E 13 0 1 1228 792 2021 0.0 I
E x 9 15 1417 4 6 104 1531 93.0 C
3 x E 14 0 0 2291 76 2367 0.0 I
E x 3 12 748 70 32 49 899 83.2 c
TABLE I (CONTINUED)
d1 x 5 
Cross
No.
Hatched 
Rafts Eggs
No.
Norm.
Embryon.
No.
Tera-
tolog.
No.
Non- 
Embryon.
Tot.
Eggs
Compat. 
Incompat. 
% Hatch Partial
+ x E 23 2803 14 8 598 3423 81.9 C
E x + 22 2281 1 4 638 2924 78.0 C
E x E 11 1762 11 3 11 1787 98.6 C
T x 9 18 862 72 9 112 1055 81.7 C
9 x T 12 0 0 0 711 . 711 0.0 I
T x + 17 2170 7 1 479 2657 81.7 C
+ x T 12 0 0 0 804 804 0.0 I
T x 3 19 1230 21 5 70 1326 92.8 C
3 x T 13 0 0 0 788 788 0.0 I
T x T 10 414 11 ■ 4 31 470 88.1 c
T x E 12 999 40 32 46 1117 89.4 c
E x T 14 0 0 2 1007 1009 0.0 I
C x 9 17 921 170 22 100 1213 76.0 c
9 x C 18 1316 2 6 512 1836 71.7 c
TABLE I (CONTINUED)
d x 9
Cross
No.
Hatched 
Rafts Eggs
No.
Norm.
Embryon.
No. 
Tera- 
tolog.
No.
Non- 
Embryon.
Tot.
Eggs
Compat. 
Incompat. 
% Hatch Partial
C x 3 28 402 2 111 2091 2606 15.4 P
3 x C 12 1316 1 4 39 1360 96.8 C
C x + 17 20 0 461 1896 2377 0.8 P
+ x C 19 1561 2 9 124 1696 92.0 C
C x E 12 1 0 612 995 1608 0.1 P
E x C 16 752 1 5 576 1334 56.4 C
C x T 12 4 2 390 1270 1666 0.2 P
T x C 18 1028 4 6 819 1857 55.4 C
C x C 16 1967 18 35 117 2137 92.0 c
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TABLE II. RESULTS OF REPEATED RECIPROCAL CROSSES BETWEEN 
ANTIBIOTIC-RESISTANT AND UNTREATED STRAINS.
The results in Table II were obtained from 
repeated crossings made during January 1981 
to determine continuance of compatibility and 
incompatibility. Scoring criteria are the 
same as those used for data given in Table I. 
The dash (--) entries are crosses not repeated.
TABLE IX
6  X Q No.
Hatched 
Cross Rafts Eggs
No.
Norm. 
Embryon.
No.
Tera-
tolog.
No.
Non- 
Embryon.
Tot.
ESSS
Compat. 
Incompat. 
7a Hatch Partial
9 x 9 0 — _ _ _ _ — —
9 x 3 10 0 0 33 937 970 0.0 I
9 x + 10 0 0 25 1377 1402 0.0 I
3 x 3 0 - - _ _ —
3 x 9 9 437 1 1 78 517 84.5 C
3 x + 10 0 0 589 641 1230 0.0 I
+ x + 0 — - - — —
+  X  9 10 1860 0 0 53 1913 97.2 c
+ x 3 12 539 0 5 99 643 83.8 c
9 x E 10 0 0 599 177 776 0.0 I
E x 9 9 1037 0 12 114 1163 89.2 c
3 x E 10 0 0 506 1653 2159 0.0 I
E X 3 10 610 0 3 37 650 93.8 c
TABLE II (CONTINUED)
4 x 9
Cross Rafts
No.
Hatched
Eggs
No.
Norm. 
Embryon.
No.
Tera-
tolog.
No.
Non- 
Embryon.
Tot.
Eggs % Hatch
Compat. 
Incompat, 
Partial
+ x E 
E x + 
E x E 
T x 9 
9 x T 
T x + 
+ x T 
T x 3 
3 x T 
T x T 
T x E 
E x T 
C x 9 
9 x C
10
10
0
8
10
10
10
10
10
0
10
10
7
12
796
905
1764
3
1117
0
938
0
2165
0
551
879
7
0
0
0
0
0
0
0
0
0
0
0
0
0
3
1482
0
4 
37
632
0
4
3
0
59
7
31
327
8
2147
33
346
52
1219
159
190
862
912
1798
1812
1125
2151
1008
978
2217
1223
713
1069
92.3
99.2
98.1 
0.2
99.3 
0.0
93.1 
0.0
97.7
0.0
77.3
82.2
C
C
C
P
C
I
c
I
c
I
c
c
TABLE II (CONTINUED)
$ x 9 
Cross
No.
Hatched 
Rafts Eggs
No.
Norm. 
Embryon.
No.
Tera-
tolog.
Non- 
Embryon.
Tot.
Eggs
Compat. 
Incompat. 
% Hatch Partial
C x 3 10 5 0 22 497 524 1.0 P
3 x C 10 1446 0 5 83 1534 94.3 C
C x + 11 1 0 6 896 903 0.1 P
+ x C 9 833 0 0 60 893 93.3 c
C x E 10 0 0 0 1777 1777 0.0 I
E x C 12 1123 0 0 175 1298 86.5 c
C x T 10 5 0 732 208 945 0.5 P
T x C 13 1335 0 0 410 1745 76.5 c
C x C 0 _  _ _  _ ^  _ _  _  ,
VO
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TABLE III. DIAGRAMMATIC REPRESENTATION OF COMPATIBILITY 
OF RECIPROCAL CROSSES BETWEEN STRAINS 9, + 
AND C.
Table III shows nonreciprocal compatibility 
between those strains not subjected to anti­
biotic selection. The solid arrow denotes a 
cytoplasmically compatible cross. The dashed 
arrow represents a cytoplasmically incompati­
ble cross.
21
Table III
Electron Microscopy of Ovarian Tissue: Initially ovarian
tissue from strains 9, 3 and T were examined for the 
presence of a rickettsia-like endosymbiote (Figs. 1A, 2A, 
and 3A, respectively). Rickettsia are electron-dense 
bodies approximately the size of a mitochondrion but may, 
on occasion, form aggregates surrounded by an intracellular 
vacuolar membrane. A true rickettsia possesses a cell 
membrane surrounded by a cell wall (Wright and Barr, 1980). 
Examination of ovarian tissue by electron microscopy was 
repeated for all six strains (Figs. 1A, 2A and 3A, re­
spectively) . The second examination of those strains 
(Figs. IB, 2B and 3B, respectively) 12 months later indi­
cated the continued presence of the rickettsia-like bodies. 
In addition, strains +, E and C (Figs. 4A, 4B and 4C, 
respectively) ovarian tissues were examined by transmission 
electron microscopy. All tissue samples, regardless of 
exposure to antibiotics showed the presence of presumptive 
rickettsia-like endosymbiotes.
Purification of mtDNA; The mtDNAs isolated from each of 
the six strains were purified utilizing a potassium iodide 
bouyant density gradient separation. Fig. 5 shows fluor­
escent bands of mosquito DNAs from strains 9, + and C.
A standard of calf thymus DNA is included for comparison. 
The wildtype strain always appeared to have a distinct 
nuclear DNA band with a somewhat wide and diffuse band 
above the nDNA band. This is characteristic of satellite
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FIGURE 1. 
Fig. 1A.
Fig. IB.
TRANSMISSION ELECTRON PHOTOMICROGRAPHS OF 
OVARIAN TISSUE FROM STRAIN 9 
Ovarian tissue from strain 9 excised December 
1979 shows the presence of rickettsia-like 
bodies (R) and mitochondria (M).
Ovarian tissue strain 9 excised December 1980. 
Letters "R" and "M" denote rickettsia-like 
bodies and mitochondria, respectively.
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Figure 1.
Fig. IB
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FIGURE 2. 
Fig. 2A.
Fig. 2B.
TRANSMISSION ELECTRON PHOTOMICROGRAPHS
OF OVARIAN TISSUE FROM STRAIN 3
Ovarian tissue from strain 3 excised December
1979. Letters "R" and "M" indicate rickettisa- 
like bodies and mitochondria, respectively. 
Ovarian tissue from strain 3 excised December
1980. Letters used are the same as in 
Fig. 2A.
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Figure 2
Fig. 2A
Fig. 2B
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FIGURE 3. 
Fig. 3A.
Fig. 3B.
TRANSMISSION ELECTRON PHOTOMICROGRAPHS 
OF OVARIAN TISSUE FROM STRAIN T 
Ovarian tissue from strain T excised December
1979. Letters "R" and "M" stand for rickettsia- 
like bodies and mitochondria, respectively. 
Ovarian tissue excised from strain T in 
December 1980. Letters used are the same 
as in Fig. 3A.
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Figure 3
Fig. 3A
Fig. 3B
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FIGURE 4.
Fig. 4A. 
Fig. 4B. 
Fig. 4C.
TRANSMISSION ELECTRON PHOTOMICROGRAPHS OF 
OVARIAN TISSUE FROM STRAINS +, E AND C 
All strains in Fig. 4 were excised in December
1980. The letters ”R" and "M" indicate 
rickettsia-like bodies and mitochondria, 
respectively.
Ovarian tissue from strain +.
Ovarian tissue from strain E.
Ovarian tissue from strain C.
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Figure 4
Fig. A
Fig. B
Figure 4 (Continued)
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Fig. C
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FIGURE 5.
Fig. 5A. 
Fig. 5B. 
Fig. 6C. 
Fig. 5D.
EQUILIBRIUM DENSITY GRADIENTS OF CULEX PIPIENS 
MITOCHONDRIAL-ENRICHED DNAs
KI density gradients of mtDNA-enriched prepa­
rations of strains 9, + and C. Form III is the 
contaminating nuclear DNA. Forms I and II band 
together in KI producing a single band of mtDNA. 
The bands above and below the mtDNA band are 
satellite DNAs.
KI density gradient of strain 9 DNA.
KI density gradient of strain + DNA.
KI density gradient of strain C DNA.
KI density gradient of calf thymus DNA
standard.
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Figure 5
B
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DNAs having a broad range of densities. The mtDNA bands of 
strains 9 and C were more sharply separated from the satel­
lite DNAs. Because of the closeness of the satellite DNA 
bands to the mtDNA band, however, some satellite DNA from 
the upper band was occasionally withdrawn with the mtDNA 
in order to insure maximal mtDNA recovery. Such satellite 
DNA is of small molecular weight and migrates ahead of 
bromphenol blue during agarose gel electrophoresis. 
Restriction Endonuclease Cleavage Analysis of mtDNA: Type
II restriction endonucleases each recognize a specific 
inverted repeat base sequence on the DNA and cleave both 
DNA strands at a specific site. This specificity allows 
comparisons of different DNA species by cleavage with a 
single type II endonuclease. If the DNAs differ in the 
number of restriction recognition sites or in the total 
number of base pairs or the number of base pairs between 
two restriction sites, there will be a corresponding dif­
ference in the number of DNA fragments and/or the molecular 
weights of the DNA fragments. Point mutations are diffi­
cult to detect whereas chromosomal rearrangements (e.g., 
duplications, deletions and inversions) are much more 
easily detected. DNA fragments resulting from digestion 
by a restriction endonuclease can be separated by agarose 
gel electrophoresis and visualized in situ by ethidium 
bromide intercalation and ultraviolet light.
Figure 6 presents a composite line drawing of 
mtDNA digests with Hinf 1, Hae 111 and Ava 1. Obvious
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FIGURE 6. DIAGRAMMATIC REPRESENTATION OF VARIOUS RESTRIC­
TION ENDONUCLEASE DIGESTS OF mtDNA OF STRAINS 
9, + and C AND LAMBDA PHAGE DNA STANDARD.
The numbers on the left are molecular weight 
markers in megadaltons. The numbers on the 
right are fragment sizes in base pairs. At 
the bottom are digest channels of 9 ,  + and C 
mtDNAs with restriction endonucleases Hinf I, 
Hae III and Ava I with a standard Hind III 
digest of lambda phage DNA. At the top are 
letters corresponding to gel electrophoresis 
channels.
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FIGURE 7.
Fig. 7A.
Fig. 7B.
PHOTOGRAPHS OF AGAROSE GEL ELECTROPHORESIS OF 
MTDNA DIGESTS WITH AVA I, HAE III AND HINF I. 
The numbers on the right are fragment sizes of 
lambda DNA bands in megadaltons resulting from 
digestion by Hind III.
1.07c agarose gel of Ava I and Hae III digests. 
Channels 1, 4 and 9 are Hind III digests of 
lambda DNA as markers. Channels 2, 3 and 4 
are Ava I digests of strains 9, + and C, re­
spectively. Channels 6, 7 and 8 are Hae III 
digests of strains 9 , + and C, respectively. 
1.07o agarose gel of Hinf I digest. Channels 
1 and 5 are Hind III digests of lambda DNA. 
Channels 2, 3 and 4 are Hinf I digests of 
strains 9, + and C. respectively.
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heterogeneity in base sequences exists between wildtype 
and stains 9 or C. No sequence divergence was found be­
tween strains 9 and C. The maximum calculated molecular 
weights of 9, C and + strains following Hae 111 digestion 
is 11.03, 11.03 and 10.95 megadaltons, respectively. The 
calculated molecular weight of the standard lambda from 
the Hind 111 digest is 32.71 megadaltons which is con­
sistent with published molecular weights of lambda DNA 
(Daniels et al., 1980).
Digests of 9, + and C mtDNAs with Hind 111, Bam 
HI and Taq 1 showed no detectable differences of banding 
patterns (data not shown). However, each of these digests 
produced numerous small molecular weight bands thereby 
restricting precise analyses. Eco Rl digests of 9, + and 
C mtDNAs produced a single band for each mtDNA correspond­
ing to a calculated molecular weight of 10.64 md for each 
mtDNA type (data not shown).
Figure 7 A shows Ava 1 and Hae 111 digests of 9,
+ and C mtDNAs. Channels 1, 5 and 9 are Hind 111 digests 
of lambda DNA. Channels 3-5 are Ava 1 digests of 9, + 
and C mtDNAs, respectively. (Bands which appear on Fig.
6 but not in the photographs are clearly visible on the 
negatives.) Hae 111 and Hinf 1 show no detectable dif­
ferences between strains 9 and C. However, both digests 
of wildtype produce distinctly different banding patterns 
from strains 9 and C.
DISCUSSION
Studies of the cytoplasmic incompatibility system 
in Culex pipiens have been made by transmission electron 
microscopy, formal genetic crosses and restriction endo­
nuclease cleavages of mtDNAs from incompatible strains.
The data obtained from examination of ovarian tissue by 
T.E.M. indicates that there is a persistance of the pre­
sumptive rickettsia-like endosymbiote following strong 
antibiotic exposures. In the study by Yen and Barr (1973) 
the concentration of tetracycline (which they and others 
report effectively removed the rickettsia-like bodies) was 
ten-fold less than the concentration applied to the strains 
in this paper. No effective removal of the presumptive 
endosymbiotes by antibiotics was obtained. The genetic 
data obtained in this work was essentially the same as 
that of Yen and Barr (1973). This raises the question of 
the significance of the rickettsia-like endosymbiotes to 
cytoplasmic incompatibility in Culex pipiens. The data 
obtained from the restriction endonuclease digestions of 
mtDNAs from unidirectionally incompatible crosses clearly 
shows a base sequence heterogeneity between the mtDNAs. 
These differences suggest a possible role of mtDNA in 
determining cytoplasmic mating types.
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It is well documented that mtDNA is maternally in­
herited in many organisms (Belcour and Begel, 1980; Giles 
et al., 1980; and Fauron and Wolstenholme, 1980). There 
is an intimate, complex interaction between the nuclear 
and the mitochondrial genomes (Sainsard-Chanet, 1976; 
Sainsard and Knowles, 1979). In cybrids between mouse 
and human cells, selection for particular mitochondrial 
types is determined by the stability of hybrid nuclear 
chromosomal complements (DeFrancesco et al., 1980). The 
compatibility of nuclear and mitochondrial genomes may 
also be altered by antibiotic selection. The nature of 
this antibiotic selection has been shown to involve selec­
tion for specific mitochondrial types within the cytoplasm 
of a single cell (Duhon, 1980 and Blanc et a!L., 1981).
This cytoplasm, however, must initially consist of a 
heterogeneous mitochondrial population. Selection for a 
specific mitochondrial type has been observed in Paramecium 
aurelia and P. tetraaurelia (Sainsard et al., 1974) in 
which heteromitochondriotes have been experimentally es­
tablished. At a more fundamental level, intra- and inter­
specific mtDNA recombination in yeast, mouse, rat and human 
cells have been shown. Such recombinations provide a 
source for alternative cytoplasmic genotypes through 
altered mitochondrial genomes (Coote et al., 1978 and Dawid 
et al., 1974). In all of the above examples alteration of, 
or selection for, mitochondrial types is directly corre­
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lated with subsequent changes in the nucleo-cytoplasmic 
inter-relationships within the cell. In the present paper, 
cytoplasmic incompatibility between several strains of 
Culex pipiens has been described. Significant differences 
between base sequences of mtDNAs from two of these cyto- 
plasmically incompatible strains has been clearly shown 
by agarose gel electrophoresis of restriction endonuclease 
digests.
These data are compatible with those obtained by 
many investigators using parameeia (Beale et^  §1.-> 1972; 
Cummings et al., 1981), yeast (Cummings et al., 1979; Birky, 
1975; Birky et al., 1978), mammalian systems (Hayashi et 
al., 1981; Brown et al., 1981; Brown, 1980; Francisco and 
Simpson, 1977; Wallace et al., 1980; Cann et al., 1980; 
and Kearsey and Craig, 1981) and with those cytoplasmic. 
properties described by French (1978) for Culex pipiens.
The present paper does not confirm the etiological agent 
for cytoplasmic incompatibility in Culex pipiens as being 
a rickettsia-like endosymbiote. There are at least two 
possible reasons for this discrepancy. (1) the mosquito 
strains used in this paper may contain only antibiotic- 
resistant rickettsiae and, therefore, would not be removed 
with antibiotic treatments. Those strains used by Yen and 
Barr (1973) may have contained only antibiotic-sensitive 
rickettsia-like endosymbiotes. Removal of these endo­
symbiotes may have been coincidental with selection for
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antibiotic-resistant mitochondria and with subsequent re­
versal of the direction of cytoplasmic incompatibility.
(2) The rickettsia-like endosymbiotes may not be rickettsia. 
Several investigators have described these cytoplasmic 
bodies in many species of mosquito (Beckett et al., 1978; 
Wright and Wang, 1980; Wright and Barr, 1980; Wright et 
al., 1978) but none have isolated and cultured these for 
a positive identification. They are slightly smaller in 
diameter than Rickettsiae and undergo a unique type of 
fission not normally associated with that of true 
rickettsia (Wright and Barr, 1980). The rickettsia bear 
many morphological similarities to mitochondria. Both 
have the same approximate dimensions; they are double­
membrane bound and both become vacuolated during antitiotic 
treatment of the host cells--especially during early larval 
development (Beckett et al^ . , 1978; Ashour et al. , 1980). 
Virus-like particles are found in both mitochondria and 
rickettsia (Wright et al., 1978). The rickettsial chromo-
Q
some has a molecular weight of approximately 5.0 x 10 
daltons while the average mitochondrial chromosome has a 
molecular weight ranging from 1.0 to 1.5 x 10^ daltons 
(Tyeryar et al., 1973; Sober, 1970).
Certainly there is strong evidence for antibiotic- 
resistance genes being located in the mitochondrial genome. 
In yeast (Duhon, 1980 and Knight, 1980) at least 4 loci 
for antibiotic resistance are known to exist within the
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mitochondrial 21S rRNA gene. A similar antibiotic resis­
tance locus has been found in the 16S rRNA gene in the 
mtDNA of mice (Blanc et al., 1981). In Paramecium 
primaurelia and P. tetraaurelia (Cummings et al., 1981) 
the locus for chloramphenicol resistance is within the 
sequence for the origin of replication of the mtDNAs.
Recent work has further shown a significant diversity of 
nucleotide sequences of the replication origins of mtDNAs 
in Drosophila and rats (Fauron and Wolstenholme, 1980; 
Hayashi et al., 1981). In bacteria chloramphenicol and 
erythromycin both affect the SOS ribosomal subunit while 
tetracycline affects the 30S subunit (Weiseman et al.,
1974). The effectiveness of these antibiotics in pro­
ducing changes in the cytoplasmic mating type in Culex 
pipiens is most probably related to the differential mode 
of action of these antibiotics. The reversal of direction 
of cytoplasmic incompatibility in Culex pipiens following 
tetracycline treatment is long-lasting (over 22 months 
and at least 48 generations) and implies that the effects 
of the antibiotic continue long after the discontinuance 
of exposure to that antibiotic. This suggests that similar 
long-term affects may occur in other eukaryotes treated 
with antibiotics.
Yen and Barr (1973) considered crosses which pro­
duced total sterility or only a few viable progeny as being 
incompatible. They attributed the occasional occurrence
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of a few offspring to parthenogenesis, possible contamina­
tion of crosses or to undeterminable causes. In this 
present paper such exceptional crosses are considered 
examples of partial cytoplasmic compatibility. It is 
interesting to note that in natural populations of Culex 
pipiens there is a heterogeneity of cytoplasmic factors 
as evidenced by the teratology present in crosses between 
these populations (Tables I and II). This may be repre­
sentative of cytoplasmic systems in other eukaryotic 
organisms (Curtis and Suya, 1981) as well as Culex pipiens 
(Barr, 1980).
The extensive literature on the involvement of mito­
chondria in numerous cytoplasmic compatibility systems 
coupled with the differential base sequences of mtDNAs 
found to exist between cytoplasmically incompatible strains, 
suggests that the heterogeneity of the mtDNA may be a sig­
nificant factor in the determination of cytoplasmic in­
compatibility in Culex pipiens.
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